ABSTRACT: An overlapping composite track coating was produced on a steel surface by preplacing an 0.5 mm thick layer of TiC powder and then melting using a TIG torch of constant energy input. The influence of the overlapping operation on preheating of the substrate, the dissolution of TiC particulates and the subsequent depth and hardness of the composite layer was analysed. The melt microstructure consisted of both undissolved and partially dissolved TiC particulates, together with a variety of morphologies and sizes of TiC particles precipitated during solidification. Preheating, resulting from the overlapping operation occurred, producing additional melting of the TiC particulates and deeper melt depths but with a reduced volume fraction of TiC precipitates in the subsequent tracks. A maximum hardness of over 800 Hv was developed in the composite layer. The high hardness was unevenly distributed in tracks melted at the initial and final stages, while it varied across the melt depths in other tracks.
INTRODUCTION:
Metal components frequently lose functionality through wear, by a combination of modes such as abrasion, impact, or corrosion. To alleviate such damage, and thereby extend the service life, modification of surfaces is frequently undertaken. 1, 2 This surface engineering approach has been adopted across many industries, such as cement, mining, steel, petrochemical, power, sugar cane and food. 3 Normally, the base material of the component is selected for strength and price, while the details of the surface modification are selected for specific tribological conditions to which the critical sections of the part will be subjected in service.
Many surface engineering technologies have been developed to combat surface failure in steels, but each has its own limitations. Deposition of thin hard coatings can improve tribological properties in terms of low friction and wear. However, the coatings can fail by deformation of the subsurface, if the load is high. Reinforcement of metals with ceramics can increase strength, stiffness, wear resistance and high temperature strength, and affect a decrease in weight. Although most of the work on metal matrix composites (MMC's) is centred on light metal alloys, there is considerable interest in developing iron-based MMCs for wear resistant applications. Among the common ceramic materials used as a reinforcement is titanium carbide (TiC), 4 , 5 which compared with high density iron-based alloys (7.75 g cm -3 ), has a lower density (4.90-4.93g cm -3 ), high hardness (3200 kg/mm 2 ), good wettability and high thermal stability. The incorporation of ceramic particles into molten metal surfaces to produce MMC layers is popular because this method can tailor the surface to suite the requirements of specific applications. High power laser and electron beam melting techniques have been used extensively for processing such composite layers, which are reported to increase wear and corrosion resistance significantly. Some overlapping investigations have been published on titanium alloys, initially considering laser nitriding, [37] [38] [39] followed by laser powder alloying with SiC, 40 and finally a combination of laser nitriding and SiC powder alloying. 41 The authors reported that the microstructure, hardness and melt depth were related to a specific track, and the influence of preheating from previous tracks is apparent.
The present work builds on that carried out on titanium, producing a multitrack composite layer on a steel substrate surface preplaced with TiC particulates, but using a TIG torch as the melting source. The work considers particularly, the influence of overlapping on microstructure, melt depth, hardness development, defect morphology and dissolution of the TiC particulates. The results are compared with available data for single track MMC coatings on steel surfaces. In this paper, the original TiC particles are described as particulates, while those formed from titanium and carbon atoms produced by dissolution and dissociation of the TiC particulates, with subsequently nucleation and growth during the solidification of the melt, are described as precipitates.
EXPERIMENTAL
Titanium carbide (TiC) powder of 99.5% purity, with the nominal size of 45-100 µm was used as reinforcing material on an AISI 4340 low alloy steel substrate of composition given in Table 1 . The steel plate was 100×40×15 mm 3 in size, ground on emery paper and degreased in acetone, before any ceramic powder was preplaced for alloying. TiC powder mixed with a PVA binder, was preplaced on the steel surface to a thickness of ~0. , where η is the efficiency of heat absorption, which is considered to be 48% for TiG torch melting. 42 The heat input calculated for the processing conditions used in this investigation was 422 J mm -1 . work. Ripples were also observed in previous work on both laser and TIG torch melted surfaces and were considered to be due to the fast freezing of the melt. 2, 20, 43 The first tracks melted had rougher surfaces than those melted later. This may be related to the pre-heating effect of the overlapping tracks. The tracks melted in the later stages created a less viscous melt because of preheating which resulted in a smoother surface.
Temperature changes due to 13 successive overlapped tracks:
The temperature profiles, recorded at the middle of the first track and at the middle of the 13 th track are shown in Fig. 1 . It is to be noted that the recorded temperatures between the first and the final tracks were taken as the temperatures of the overlapping tracks, because thermocouples were not placed under each individual track. However, the readings provide information on the changes in the temperature during the overlapping operation.
The graphs in Fig. 1 The micrograph in Fig. 2 shows that the depth of the heat affected zone (HAZ) increased significantly in successive tracks, while the melt depth increment is not consistent, as seen in Table 2 . However, with some exceptions, the melt depth in Table 2 increased with the sequence number of the overlapping tracks, i.e., preheating, as expected, developed greater melt depths. Compared to that of the first track, tracks 12 and 13 gave the maximum increase of 70% and 98% in the melt depth, respectively. 
Microhardness measurement:
The measured hardness of all tracks is given in Table 3 . The results show a maximum hardness of 601 Hv for track 1 and 685 Hv for track 2. For the tracks 3-10 this maximum hardness value is over 800 Hv; tracks 5-6 retained the maximum hardness of over 800 Hv from surface to almost the bottom of the melt, while for the tracks 8-10, the maximum hardness of over 800 Hv was limited to a depth of 0.60 mm. But for the tracks 11-13, the maximum hardness varied significantly between 627-705 Hv. However, the lowest values below 600 Hv but above 523 Hv, which was the minimum value, were recorded in tracks 1 and 12-13, compared to the base steel substrate hardness of 300 Hv. It is to be noted that hardness was measured within the melt depth of 1.2 mm, while the total depth of the melt layer is more than this value, as can be seen from Table 2 .
Tracks 11-13 had highest preheat temperatures (see Fig. 1 Hv. At a deeper melt depth in track 2 (Fig. 3b) , only two particles are revealed, coinciding with a lower hardness of ~650 Hv. These TiC particles revealed below the surface in many indentations, were not otherwise visible in the polished cross sections. This value of 650 Hv is significantly higher than the matrix, ~300Hv, suggesting that other sources of hardening, such as quenched-in dislocations and dispersion strengthening size TiC precipitates may be contributing. 
Microstructure:
The microstructures in most of the overlapping tracks contained undissolved and partially dissolved TiC particulates along with some precipitated TiC particles (track 1 in Fig. 4a ). Both of these were seen more frequently in the initial tracks, and their concentration is high near to the melt-matrix interface, for example in track 2, Fig. 4b . Because of the energy distribution pattern of the beam, which may be Gaussian type as for a laser beam, the melt pool was hemispherical in shape, agglomeration of TiC particulates at the edges, which is commonly observed in laser processing, 2 also occurred in TIG surfacing work. 19, 20 The convectional flow of the melt is considered to have distributed TiC particulates towards the melt-matrix interface, as in tracks 1-5 seen in Fig. 4 . Since the sample used was 15 mm thick, the heat dissipation from the liquid melt is presumed to be more from melt-matrix interface than from the top surface, and hence there was less time for dissolution of TiC near the melt interface. This may be the reason more partially dissolved TiC particulates occurred near to the interface. The low energy melting at the edges created a low temperature viscous melt and hence more TiC agglomeration occurred in these regions, Fig. 4b .
Agglomeration of TiC was also found within the melt pool of tracks 4, 6, 8 and 12. These types of TiC distribution and segregation have also been reported in laser processed MMC coatings on titanium surfaces 7 and TIG torch processed coatings on titanium and steel surfaces. 21, 27, [32] [33] [34] [35] TiC precipitates of globular, cubic and flower morphologies were seen in many overlapping tracks, but were not uniformly distributed in the melt microstructures. Similar morphologies of TiC precipitates were also reported in single track composite coatings. 9, 24, 35 The TiC particulates were observed more frequently in the initial overlapping tracks than in the successive tracks and almost absent in the 13th track (Fig. 4c) . This is believed to be related to higher TiC dissolution and increased melt volume, which occurred in the later tracks (see Table 2 ), due to preheating. The preheat increased diffusion of the dissolved titanium and carbon, resulting in reduced concentrations in the melt, which solidified to a structure with or without a thin distribution of TiC particles. The greater dilution and remelting of the TiC particles, due to overlapping effects, are probably responsible for the reduced TiC population in those tracks melted in the later stage of processing (Fig. 4d) .
The 50% overlapping process resulted in a remelting of the TiC particulates at the edge of the proceeding track, leading to a reduction in the size of the partially dissolved TiC in the subsequent tracks. This is depicted in Fig. 5 , where TiC particulate size was in the range 25-65 µm in track 1 (Fig. 5a) while it reduced to 20-40 µm in track 13 (Fig. 5b) ; the micrographs were captured from areas free from TiC agglomeration, which were present in almost all tracks.
Pores were seen in the solidified melt pool of some tracks and more were present in the TiC agglomerated areas, Fig. 4b . Pores were also seen in TiC free areas in tracks 9, 10 and 12. However, the agglomeration of TiC was relatively low in tracks 7-13, particularly so in track 13. The formation of pores is thought to be related to the amount of binder added for preplacing the TiC powder before melting. 18, 19, 27 A high fluidity melt due to preheating at the peak temperature, 725 O C shown in Fig. 1 , accelerated the evolution of the dissolved gas from the melt of track 13. This might be responsible for the creation of the much lower number of pores found in this track. High energy beam melting may produce higher fluidity melts, which require a longer period for solidification, giving more time to expel dissolved gases from the melt. This would result in a reduced concentration of pores in the solidified structure. The solidification time also depends on the thermal conductivity and the volume of the substrate material. However, high energy beam melting results in a higher peak temperature and a greater solubility of gases.
On the other hand no cracks were seen in any of the overlapping tracks produced in this investigation.
CONCLUSIONS
This study of MMC composite coatings produced on TiC preplaced steel surfaces by overlapping tracks using a TIG torch concluded that:
1.
Overlapping generated preheating and the preheat temperature increased with melting of successive tracks. The highest preheat temperature of 750 0 C was recorded in the last track.
2.
All 13 overlapping tracks were free from any cracking, but pores were seen, especially in TiC agglomerated areas. Fewer pores were observed in tracks 9-13.
3.
The preheating due to the overlapping operation influenced the individual track dimensions, microstructure, hardness, and dissolution of preplaced powder.
4.
The microhardness map showed that the highest hardness of >800 Hv, retained to a deeper melt depth, was found in tracks 4-6. For tracks 11-13, the maximum hardness recorded was < 700 Hv.
5.
The micrographs of hardness indentations suggest that the concentration of TiC particles beneath the surface, which may not be visible in the cross section, is responsible for some hardness development.
6.
Undissolved and/or partially dissolved TiC particulates are seen within the MMC structure but the concentration appears to be lower in the later tracks. 
